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Deposition and Clearance of Inhaled Particles
by Bruce O. Stuart*

Theoretical models of respiratory tract deposition of inhaled particles are compared to experimentat
studies of deposition patterns in humans and animals, as governed principally by particle size, density,
respiratory rate and flow parameters. Various models of inhaled particle deposition make use of
approximations of the respiratory tract to predict fractional deposition caused by fundamental physical
processes of particle impaction, sedimentation, and diffusion. These models for both total deposition and
regional (nasopharyngeal, tracheobronchial, and pulmonary) deposition are compared with early and
recent experimental studies. Reasonable correlation has been obtained between theoretical and experimen-
tal studies, but the behavior in the respiratory tract of very fine (< 0.1 pm) particles requires further
investigation. Properties of particle shape, charge and hygroscopicity as well as the degree of respiratory
tract pathology also influence deposition patterns; definitive experimental work is needed in these areas,
The influence upon deposition patterns of dynamic alterations in inspiratory flow profiles caused by a
variety of breathing patterns also requires further study, and the use of differing ventilation techniques
with selected inhaled particle sizes holds promise in diagnosis of respiratory tract diseases. Mechanisms of
conducting airway and alveolar clearance processes involving the pulmonary macrophage, mucociliary
clearance, dissolution, transport to systemic circulation, and translocation via regional lymphatic vessels

are discussed.

Introduc;tion

Human populations have often encountered inhala-
tion exposures to clouds of airborne particles caused by
natural phenomena, including forest fires and voleanic
eruptions. These exposures may be hazardous or fatal,
depending on air concentration, particle size, and
composition of suspended materials, as reported in the
recent Mt. St. Helen's eruption (7). However, for
thousands of years man has also been creating his own
hazardous aerosols while mining or roasting metal ores
to make tools and weapons, as well as in the extraction
and use of fossil fuels. In sixteenth century Europe, a
corrogive cadmia (arsenical cobalt) was deseribed that
destroyed miners’ lungs (£). Drinker and Hatch (3) have
shown that the oecurrence of chronic respiratory dis-
eases increased greatly as a consequence of the continu-
ing search for metal ores, particularly during the last
300 years. Ludwig and Lorenser (4} have described a
high incidence of lethal “Bergkrankheit” that existed
for centuries among miners of Saxony and Joachimsthal,
cansed principally by inhaled metal ore dusts and
airborne radioactivity attached to dust particles.

In 1916, Watkins-Pitchford and Moir (5) recognized
the importance of inhaled particle size, finding 80% of
the particles in silicotic human lungs to be < £ pm in
diameter. Hatch and Gross (6) report that inhalation
exposure to aerosols of fine (< 0.6 pm) zine oxide
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particles can cause “metal-fume fever,” but exposure to
similar air concentrations of zinc oxide derived from
coarse bulk material is not toxic. Measurement of the
concentration of airborne contaminant particles and the
total inhaled air volume was found to be insufficient to
predict the pathological effects of inhalation exposure,
or to evaluate the relative hazard of exposure to a
particular aerosol, whether dust or mist. The size
distribution and density of aerosol particles determines
their depth of penetration as well as their fractional
deposition within the respiratory tract, locating their
critical sites of action and their related clearance or
translocation mechanisms. The physiological parameters
that affect deposition of aerosols need further definition.
These should include further studies of effects upon
dynamic respiratory flow profiles, air movement and
airway constriction caused by exposure to reactive
agents (7), and changes caused by impairment of
ventilation resulting from chronie respiratory disease
(8,9). Here the term, aerosol, refers to a system of solid
or liquid particles of sufficiently small diameter to
maintain stability as a suspension in air, as defined by
Green and Lane (10).

In order to desecribe the risk from inhaled hazardous
aerosols, one must know how much is deposited in a
specified region of the respiratory tract and how much
remains after physiological clearance from that region.
The remaining material (i.e., the retained material) is
the effective dose of air contaminant that can produce
acute or chronic pulmonary disease. Predictive modeis
and experimental evalyation of the deposition of mate-
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rial within the entire regpiratory tract (total deposition)
are necessary in the case of soluble aerosols, because
these contaminants can reach the bloodstream or lym-
phatic channels from several regions of the respiratory
tract. Predictive models and experimental measure-
ments of the regional deposition of insoluble aeroscls
are important, particularly for those fractions of aero-
sols that are deposited in the distal regions of the
respiratory tract located beyond the ciliated epithelium,
because these materials will clear only gradually. These
fractions may remain as persistent reservoirs of incorpo-
rated contaminants, able to cause chronic pulmonary or
systemic disease.

Deposition is the crucial first step in determining
subsequent clearance processes. As discussed by the
Task Group on Lung Dynamics (11), the respiratory
tract can be described in terms of three compartments
based upon the clearance mechanisms associated with
each region. Inhaled particles deposited in the posterior
nares will be caught up in mucus and conveyed hy
mucociliary action through the nasopharynx, and into
the gastrointestinal tract (12). Airborne particles reach-
ing the larynx and passing through successive genera-
tions of conducting airways to the terminal bronchioles
will also be deposited upon mucus that is propelled
upwards by underlying cilia for clearance to the gastro-
intestinal tract. Inhaled inscluble particles that are
deposited below the ciliated epithelium, i.e., on the
surfaces of the respiratory bronchioles, alveolar ducts,
alveolar sacs and alveoli, will be cleared more slowly to
the gastrointestinal tract, or will remain with only
gradual dissolution or removal following phagocytosis
by pulmonary macrophages.

The Respiratory Tract

Inhaled aerosels may first encounter coarse hairs
within the anterior nares that will impede or intercept
the larger particles, and will promote their impaction
upon the walls of the airways shown in Figure 1. The
aerosol is then drawn through the posterior nares,
becoming warmed and humified as it passes over
flattened projections {(conchae). The aerosol particles
next enter the nasopharyngeal region, characterized by
gtratified squamous epithelium, which extends from the
oral pharynx to the larynx.

Aerosol flow passes through the trachea and divides
into the right and left bronchi; these separate into
secondary lobar branches and subsegmental branches,
finally dividing into smaller quaternary branches num-
bering more than 800 (13). This branching extends into
smaller conducting airways where mucns-produeing
goblet cells and secretory glands gradually disappear,
and the epithelial lining becomes nonciliated at the level
of the terminal bronchioles. Terminal bronchioles sepa-
rate into respiratory bronchioles that are nonciliated
and number nearly 150,000 (14). Respiratery bronchi-
oles divide into alveolar ducts that are almost entirely
lined with alveoli; there are about 26 million of these
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Ficure 1. Anatomy of the respiratory tract. Courtesy of the
National Academy of Sciences, NAS-NRC Publication 848,

ducts (15), giving rise to 50 to 100 million alveolar sacs
(16). These sacs provide 30 to 100 m® of gas exchange
surface in adult human lungs, depending upon indi-
vidual body size and exercise level (8).

Alveolar walls are composed of reticular and elastic
fibers forming a network that supperts fine pulmonary
capillaries. Lymphatic channels are present throughout
the pleura and septa, draining into regional lymph
nodes. These channels may constitute an important
avenue of pulmonary clearance of insoluble deposited
particles (17). Hilar lymph nodes may become second-
ary reservoirs of deposited material, causing prolonged
release of hazardous inhaled materials to the systemic
circulation (18).

In the course of normal respiration, rates of air flow
entering the respiratory tract may range from zero to a
maximum of 60 to 120 L/min, depending upon the
amount of work being performed (8,19). During both
inspiration and expiration, deposition processes that
follow physical laws will take place. The three principal
mechanisms of deposition are inertial impaction, sed-
imentation, and diffusion. Particle deposition as a
function of electrical charge (image diffusion) is believed
to be of secondary importance except where very highly
charged particles are generated (11). Deposition mecha-
nisms are greatly influenced by changes in air flow and
by the differences in residence times at each level of the
respiratory tract that occur during each cycle of com-
plete respiration (20). At a ventilation rate of 200
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mL/sec, linear air flow rates will range from 180 cm/sec
in the main bronchi to only 0.025 cm/sec in alveolar
duets (19).

Mechanisms of Deposition

Inertial impaction of inhaled particles is the principal
mechanism of large particle deposition in the upper
regions of the respiratory tract, acting on particles
ranging from 2 to 3 pm to greater than 20 pm in
diameter. The inertia of a large airborne particle will
tend to maintain its initial path when the supporting
airstream is suddenly deflected by nasal turbinates or
branching of airways. The probability I of inertial
deposition is proportional to the terminal settling veloc-
ity V, of the entrained particle, times the velocity of the
atrstream V,, and inversely proportional to the radius R
of the airway:

I o (V,V, sin 0)/gR

where g is the pravitational constant. The larger the
particle, the greater the settling velocity. At inereasing
air velocity, greater bend angles 8 and smaller airway
radii, there will be greater probability of deposition by
inertial impaction (21).

Sedimentation, or settling under the force of gravity,
is also an important mechanism for particle deposition
in the respiratory tract. A particle falling in air acceler-
ates to a terminal settling velocity V, at which the force
of gravity is balanced by the resistance of the air:

Vi = (p - o)gd*18y

where v is the viscosity of air, and p and o are the
densities of the particle and of air, respectively. As the
particle diameter d becomes very small, i.e,, of the
same order as the mean free path of air molecules (\),
air resistance decreases, and a correction factor (22)
must be applied:

Viactual) = Vicaleulated) [1 + (2ANd)]

where A = 1.26 + 0.47"'9?* This terminal settlinég
velocity may be approximated as 2.9 x 10° x (pd®)
cm/sec (23).

The foregoing discussion illustrates the governing
parameters of particle density and size in the principal
mechanisms of deposition. Deposition models are fre-
quently based upon a technique of normalizing using the
“aerodynamic equivalent diameter,” defined as the diam-
eter of a unit density sphere that has the same terminal
settling velocity (V) as the given particle. In the lung,
inhaled particles within an airway will fall a distance
Vi, where { is the time of travel. If the airway
containing the particle is at a given angle ¢ with the
horizontal, then the ratioc of the distance of fall to
maximum distance for deposition becomes Vit cos ¢/2R,

where R is airway radius. Landahl (21) stated the
probability of S deposition by sedimentation as:

S = 1 - exp {(-0.8V; t cos ¥R}

Sedimentation is one of the primary mechanisms of
deposition of inhaled particles having diameters ranging
from 0.1 pm to 50 pm (24).

Deposition by diffusion or Brownian motion in the
respiratory tract predominates for very small particle
sizes, i.e., < 0.2 pm. These particles are displaced by
the random thermal motion of the gas molecules of air.
This displacement A is inversely proportional to the
viscosity of the air -y and to the diameter of the particle
d, and is directly proportional to the residence time ¢ of
the particle-in a given air space:

A = [(RT/IN) (Ct/3myd)1*

where B, T and N are the ideal pgas constant, the
absolute temperature, and Avegadroe’s number, respec-
tively, and C is Cunningham’s correction (22). Thus the
probability of deposition by diffusion D will increase as
the displacement motion is increased relative to the size
of the confining space (21):

D = 1-exp {-0.58A/R}

This mechanism of deposition increases with decreasing
particle size, whereas deposition by sedimentation de-
creases with decreasing particle size, and as a result
there occurs a minimum deposition at which the dis-
placement velocity due to terminal settling is low and
the displacement velocity due to diffusion is also low.
This occurs with aerodynamie particle diameters of
roughly 0.2 to 0.5 pm (6), as illustrated in Table 1.
These physical mechanisms describe the deposition of
inhaled particles, but deposition fractions are also
highly dependent upon the individual dimensions of air
passages, the rate of air flow into each airway genera-

Table 1. Root-mean-square Brownian displacement per second
and terminal velocity in air.®

Brownian displacement, Terminal veloeity

Diameter, pm® A, em V, em/sec
Terminal veloeity

40 1.4 x 10—¢ 4.8

20 1.4 x 1071 1.2

10 2.0 x 10 29 x 10!
4 3.5 x 107 5.0 x 1072
2 5.0 x 107 1.3 x 1?
1 7.4 x 107! 3.5 x 107
0.6 1.0 x 107 1.4 x 107
0.4 1.3 x 10°° 6.8 x 107
0.2 2.1 x 1078 2.3 x 10
0.1 3.6 x 10 8.6 x 10°
0.06 5.7 x 1078 4.7 x 10r®
G.04 81 x 1673 29 x 10°°

* From Hateh and Gross (6)
® Unit density spheres, 760 mm Hg and 20°C.
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tion, and the residence time of the particle in each
airway. In 1980 Heyder, et al. {(25) demonstrated that
sedimentation and impaction are competing mecha-
nisms in the respiratory tract, with sedimentation
primarily a funetion of mean residence time of inhaled
particles, and with impaction depending upon their
mean flow rate within an airway. Sedimentation was
suggested as the major mechanism of deposition for
particles > 1 pin at increased residence times and de-
creased flow rates (which also promotes deposition by
diffusion of very small particles), while impaction was
major mechanism of deposition at decreased particle
residence times and increased flow rates. At fixed
respiratory frequency and flow rate, impaction affects
the largest particles and occurs in upper regions of the
respiratory tract where airflows are high. Deposition by
sedimentation will predominate at small generations of
bronchi or bronchioles, and in the parenchymal lung,
having a major influence on deposition of particles down
to sizes of 0.5 to 1 pm (aerodynamic diameter). Diffu-
sion is independent of density and affects the smallest
partieles, i.e., 0.5 pm to < 0.002 um (24). This occurs
principally in the small airway and gas exchange regions
of the lung, but extremely small particles such as
condensation nuclei may deposit in the nasepharynx
very shortly after entrance into the respiratory tract, as
a result of their high Brownian displacement (10).

Increased deposition in suecessively distal regions in
the respiratory tract may also oceur upon the rapid
increase in diameter of hygroscopic particles during
passage through the high humidity of the respiratory
tract (Z1). Wilson and LaMer (26) found that pulmonary
deposition of glycerol particles labeled with radioactive
#Na agreed with predicted deposition values when the
particle diameters were corrected for growth in the
99.5% relative humidity of the respiratory tract.
Dautrebande and Walkenhorst (27) found reascnable
agreement with predicted deposition fractions of in-
haled sodium chloride particles when correction was
made particle size increase in high humidity. Generally,
the effect of hygroscopicity on deposition will be less for
particles composed of materials having larger densities
and higher molecular weight. As discussed by Raabe
(28), particles of ammonia sulfate or sulfite, as well as
hygroscopic H,S0,, will grow in the respiratory tract
when inhaled, causing increased loss by impaction in
upper airways; a 1 pm particle may grow by water
absorption to 3 pm in the nasopharynx, causing a 2-fold
increase in nasal and tracheobronchial deposition. Sin-
clair (29) has shown that hygroscopic growth of atmo-
spherie particles < 2 pm may significantly inerease their
deposition.

A nonspherical shape (fibers or ellipsoids) may greatly
affect deposition. Abnormalities arise in the case of
fibrous materials such as asbestos; i.e., fibers greater
than 50 pm in length have been found within the alveoli
of experimental animals (30). Beeckmans (37) has
concluded that although there may be little change in
the proportion of inhaled particles deposited in the

lower respiratory tract as a function of shape, the mass
of the individual particles in the maximum deposition
range tends to increase as particles become more
elongated. Fibers with length-to-diameter ratio of
greater than 10 have been shown by Timbrell and
Skidmore (30) to have an aerodynamic diameter roughly
3-fold greater than the fiber diameter. Lippmann (82)
suggests that fibers > 100 pm in length with a fiber
diameter of 1 pm would have low probability of deposi-
tion by impaction, but much higher probahility of
interception, especially for curved fibers, e.g., chryso-
lite asbestos.

Electrical charges on particles in aged aerosols will
approach Boltzman equilibrium and will not greatly
influence deposition fractions of such aerosols, However,
Mercer (33) indicates that freshly generated particies
may be highly charged, and Melandri et al. (84) have
found that respiratory tract deposition can increase by
30% for highly charged particles, probably due to image
charging at the walls of conducting airways. Particles
generated by grinding or combustion are electrically
charged, but the net charge of these aerosols, if aged, is
usuaily negligible (71). Although there may be in-
creased aggregation of small individually charged
particles, there is probably small effect upon total
deposition in the respiratory tract, However, very small
charged particles have higher mobilities and may show
greater deposition in the nasopharynx than do non-
charged particles. Vincent et al. (35} recently found
that static electrification of amosite asbestos {260
electrons/fiber) increased alveolar deposition (slowest
clearing region) by 40% in rat lungs.

Inhaled Particle Deposition in the
Respiratory Tract: Predictive Models
and Experimental Studies

Deposition in the Total Lung

The first comprehensive theoretical treatment of total
respiratory tract deposition was developed by Findeisen
(36} in 1935, based on a model congisting of the traches,
four generations of bronchi, two generations of bron-
chioles, alveolar ducts and alveolar sacs; the results are
shown in Figure 2. Landahl (21,37) in 1950 described a
model including mouth and pharynx with two orders of
alveolar ducts; using 3/8 of the respiratory cycle for
inspiration and 8/8 for expiration (curves 2,3,4 of Fig.
2). In 1949 Sinclair and LaMer (38) developed a genera-
tor that produced monodispersed aerosols, i.e., aerosols
of a single particle size. These were used in tests by
Landahl et al. (27) in which fractions of exhaled air were
collected and analyzed (curve 7). Altschuler et al. (39)
examined deg)osition of monodispersed aerosols of den-
sity 1.3 g/em”, finding a deposition minimum at 0.4 pm,
as predicted by their model, and that slow, deep
breathing increased deposition. In 1965 Beeckman (40)
examined Landahl's model using computer simulations
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to determine the effect of recycled nondeposited aero-
sols and interpulmonary gas mixing (curve 5); this
model also predicted decreased total deposition as tidal
volume was decreased. Dennis (47) used stearic acid
particles to study total respiratory tract deposition;
fractions increased as respiration rates were lowered
below 15 cycles/min (curve 10}, Curve 11 presents
studies of coal dust deposition made by Walkenhorst
and Dautrebande (42). Davies (43) derived formulae
based on continuity between suspended and deposited
aerosol fractions for prediction of deposition fractions
(eurve 12).

In 1959 the International Commission on Radiological
Protection (ICRP) developed a working model to de-
seribe roughly the deposition of inhaled dust (44). They
agsumed 75% of the mass of all inhaled dust was
deposited, with 25% exhaled. Two-thirds was deposited
in the “upper respiratory” tract (i.e., from the exterior
nares to the larynx), and one-third in the “lower
respiratory” tract, with differing clearance patterns,
for soluble or insoluble dusts. This extremely simple
model provided the initial design of safety procedures
involving airborne radioactive particles, but ignored the
effects of particle size and density on deposition
fractions, and did not describe deposition sites that
could be correlated with subsequent clearance patterns.

The Task Group on Lung Dynamics was established
in 1966 by the International Committee on Radiological
Protection to develop a deposition model for inhaled
particles using data based on a three-compartment
model of the respiratory tract (11). The “nasopharynx”
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Figure 2. Predictive models and experimental values for total
deposition of inhaled particles: (1) predictive, Findeisen {36), 200
mL/see, 14 respirations/min; (2) predictive, Landahl (21), 300
mL/sec, b respirations/min, tidal volume 450 mL; (3) predictive,
Landahl {21), 300¢ mL/sec, 7.5 respirations/min, tidal volume 900
ml,; (4) predictive, Landahl (21), 1000 mL/sec, 15 respirations/min,
tidal volume 1500 mL; {5) theoretical, Beeckmans (40), 5 respira-
tions/min, tidal volume 1350 mL; (6) experimental, Wilson and
LaMer (26), 5.5 respirations/min; (7} experimental, Landah! et al.
(37), 1.5 respirations/min, tidal velume 900 mL; (8) experimental,
Gessner et al. (93), 15 respirations/min, tidal volume 700 mL;
(9) experimental, Van Wijk and Patterson (46}, 19 respirations/
min, tidal volume 700 mL; (10} experimental, Dennis ({1),
13.3 regpirations/min, tidal volume 720 mL; (11) experimental,
Dautrebande and Walkenhorst (27}, 10 respirations/min, ticdal
volume 990 mL; (12) experimental, Davies (43), 15 respirations/
min, tidal volume 600 mL.

consisted of the anterior and posterior naves, plus the
oralpharynx; the “tracheobronchial” region extended
from the larynx to the terminal bronchioles, composed
of airways having ciliated epithelium; the “pulmonary”
region included respiratory bronchioles, alveolar ducts,
alveolar sacs and alveoli; i.e., the gas exchange region of
the lung. It was based on the real world conditions that
air contaminants are usually inhaled as dispersed aero-
sols that can be frequently described by log normal
distributions of particle diameters. Deposition fractions
were described in terms of the aerosol particle size
distribution, i.e., the mass median aerodynamie diame-
ter (MMAD). Values for deposition by diffusion were
obtained by the use of the Gormley-Kennedy equations
for laminar fiow in tubes {45). Reasonable agreement
was obtained between predictive deposition curves for
monodispersed partieles and the experimental results
of Van Wyck and Patlerson (46), Dautrebande and
Walkenhorst (27) and Dennis (41), Little variation was
found for aerosols of widely different degrees of
dispersity of particle sizes within an aerosol; i.e.,
different geometric standard deviations. Similar curves
were found for tidal volumes of 750, 1450 and 2150 mL,
suggesting that although an individual’s minute volume
{tidal volume times respiration rate) controls the total
amount of dust inhaled and deposited, it has relatively
little affect on deposition fractions.

Following these earlier studies, several carefully
executed studies were conducted to measure the deposi-
tion in humans of monodispersed insoluble aerosols,
assessed as a function of different breathing parameters.
These experiments were performed under strictly con-
trolled conditions of uniform particle size generation
and characterization, and involved trained human
volunteers. They include the work of Lippmann and
Albert (47), Glacomelli-Maltoni et al. (48), Foord et al.
(49), Swift et al. (50), Chan and Lippmann (51), and
Heyder et al. (25,52). George and Breslin (53) and
Holleman et al. (54) have provided data on the measured
deposition of inhaled attached radon daughters. Hounam
(55), Hounam et al. (56) and Fry and Black (57) have
provided further information on nasopharyngeal deposi-
tion. Figures 3 and 4 show the results of these more
recent studies under carefully controlled conditions in
comparison with the derived curves of the Task Group
on Lung Dynamics (hereafter referred to as the TGLD)
for total deposition in the respiratory tract following
nasal breathing and mouth breathing, respectively (11).
Since particle behavior is essentially independent of
density below 0.5 pm, the actual physical or linear
diameter is indicated.

Figure 3 shows the experimental data obtained by
Giocomelli-Maltoni et al. (48) using monodispersed
aerosols of carnuba wax generated by condensation of
the vapor to form solid hydrophobic particles, These
studies employed healthy adults, using light scattering
techniques for measurement of particle concentrations
in the inhaled and exhaled air. Heyder et al. (58)
conducted experiments involving five normal subjects,
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Ficure 3. Total respiratory tract deposition of inhaled particles
during nasal breathing: (w) Giacomelli-Maltone et al. (48), tidal
volume (TV), 1500 mL, 12 respirations per minute (RPM), (<)
George and Breslin (53), TV 550-760 mL, 14 RFM; () Heyder
et al. (58) TV 1000 mL, 15 RPM, (x)} Holleman et al. (54),
TV 1200 mL, 15 RPM; (—) Task Group on Lung Dynamics
(1), TV 1450 mL, 15 RPM, (-} TV 750 mL, 15 RPM, (V) Swift
et al. (50), TV 1150 mL, 18 RPM.
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Ficure 4. Total respiratory tract deposition of inhaled particles
during mouth breathing: (m) Giacomelli-Maltoni et al. (48), TV
1000 mL, 12 RPM; (») Heyder et al. (58), TV 1000 mL, 15 RPM;
{A} Chan and Lippmann (51, TV 1000 mlL, 14 RPM; (c) Heyder
et al. (25), TV 1000 mL, 15 RPM; ( &) Lippmann and Albert (47),
TV 1400 mL, 14 RPM; (W) Foord et al. (49), TV 1000 mL,
15 RPM; (+) Hursh and Mercer {(157), TV ~ 1500 mL, 15 RPM;
(V) 8Swift et al. (50), TV 500 mL, 15 RPM; (——) Task Group
on Lung Dynamies (1), TV 1450 mL, 15 RPM; (-) TV 750 mL,
15 RPM; (%) Yu et al. (62), TV 1000 mL, 15 RPM; bars represent
three times the standard deviation (3SD).

studying total deposition during nose and mouth breath-
ing using monodispersed di-2-ethyl hexyi sebacate drop-
lets with diameters of 0.1 to 3.2 pm. Both predictive
curves and experimental data indicate 100% deposition
above 5 pm. The size for minimum deposition oecurred
between 0.1 and 0.8 pm.

Although most recent studies have centered upon
particles ranging from 0.1 to 10 pwm, it is possible that
very small particles (<< 0.01 to 0.1 um) having very high
diffusion rates may deliver extremely high radiological
doses to localized regions of the respiratory tract, if

they are high in specific radioactivity. The short-lived
alpha-emitting daughters of radon are a case in point
(59,60). Depending upon whether these radiocactive
atoms are free (unattached) or are attached to atmo-
spheric dust particles, a difference in delivered dose of
greater than 10-fold is possible (59). Figure 3 includes
data obtained in human volunteers by Holleman et al.
(64), who studied the deposition of radon daughters in
the uranium mines of the Colorado plateau using
diffysion tube measurements to characterize particle
size; in this case the diameters are activity median
diameters. George and Breslin (52) conducted labora-
tory and uranium mine experiments using a diffusion
battery for particle size measurements and found that
total deposition in humans of inhaled radon daughters
ranged from 23% to 45%. Deposition increased with
decreasing particle size and with increasing tidal
volume, both characteristic of very fine particles deposit-
ing by diffusion in the respiratory tract. Particle size for
attached radon daughters was found to vary greatly
with location in the mine, a finding substantiated by
Palmer, et al. (61) in uranium mines on the Colorado
Plateau. The critical interaction between attachment of
these radionuclides and subsequent deposition was
shown by George and Breslin (53); total depositions
during nasal breathing were 2% and 62%, respectively,
for attached and unattached radon daughters.

The two continuous curves predicted by the TGLD
{11) at 15 respirations per minute with tidal volume of
1450 and 750 mL show reasonable agreement with the
experimental data obtained by Giacomelli-Maltoni et al.
(48) and Heyder et al. (58) for particle sizes down to 0.2
pm. However, deposition fractions are markedly differ-
ent from the observed experimental results for particle
sizes ranging from 0.2 to 0.01 wm, which are the critical
sizes for deposition of attached and unattached radon
daughters. For these sizes total respiratory tract deposi-
tion is overestimated by at least a factor of 2, with a
corresponding error in absorbed radiclogical or chemi-
cal dose to sensitive epithelial cells.

The continuous curve developed by Yu et al. (62) in
1978 was based upon a two-compartment theory for
aerosol deposition, reflecting recent experimental re-
sults (63). Lippmann and Albert (47) in 1969 reported
results from precise measurements using human volun-
teers inhaling insoluble Fe,(O, aerosols labeled with
198 A1 or ¥™T¢, using external measurements of gamma
photons emitted from different regions of the respira-
tory traect; the amount of material that disappeared
from the region of the chest during the first 24 hr was
used as a measurement of tracheobronchial deposition
(47). Foord et al. (49) in 1978 studied total alveolar
deposgition in 16 subjects using polystyrene particles of
2.5 to 7.5 pm diameter labeled with ®"Te. Deposition
fractions were obtained by measuring the difference
between inhaled and exhaled aerosol radioactivities,
and amounts of deposited radioactivity that were subse-
quently excreted. Heyder et al. (58) in 1975, Heyder
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and Davies (52) and Heyder et al. (25) in 1980 used two
methods of determining total deposition data. The first
procedure (digital method) measured directly the quan-
tity of inspired and expired particles of Fe,0; labeled
with ' An by external monitoring. The second method
involved continuous monitoring of the particle number
concentration and volume flow rate (analog method). In
1875 Heyder et al. (58) reported total deposition data
from five subjects for nose and mouth breathing using
moncdigpersed aerosols of di-2-ethylhexyl sebacate
droplets with diameters ranging from 0.1 to 3.2 pm,
under well-defined breathing patterns. The particle size
for minimum deposition was found to be a function of
tidal volume and respiration rate. An 8-fold increase in
tidal volume (250~2000 mL) decreased this size from
0.66 to .46 pm (minute volume of 15 L). Changing
respiration rates also showed marked effects; changing
from 3.75 to 30 breaths/min at 1000 mL tidal volume
increased minimum deposition size from 0.46 to 0.58
pm, and deposition of 1.0 pm particles increased from
8% to 40%. The parameter that appeared to govern
deposition fractions in the 0.1 to 3.2 um size range was
the average residence time of aerosols in the respirvatory
tract, involving diffusion and sedimentation. It was
postulated that for particles with diameters between
0.4 and 2.9 um, the rise in total deposition would
primarily reflect the increased pulmonary deposition
(58). At larger particle sizes, i.e., up to 8 pm, increasing
flow rates caused increased total deposition, indicating
deposition primarily by impaction; a transition to deposi-
tion primarily by sedimentation and diffusion occurred
at approximately 4 um (25).

In 1980, Stahlhoffen, Gebhart and Heyder (64) stud-
ted total deposition in human volunteers using Fe.(Qy
particles with ®8Au tracer; the numbers of inspired and
expired particles were recorded automatically for each
breath. Their results suggested that for particles up to
2.5 wm, deposition occurs only in the pulmonary lung
under normal breathing conditions. They coneluded
that total deposition for particles less than 2.4 um is due
to sedimentation rather than impaction, unless volumet-
rie flow rates are greatly increased; at particle diame-
ters above 4.5 wm, alveolar deposition decreases very
rapidly and the position of the maximum alveclar
deposition is approximately 3 to 4 pm.

Theoretical curves shown in Figure 4 indicate that
those of the TGLD for tidal volumes of 1450 and 750 mL
are reasonably consistent with recent experimental
results of a variety of authors, i.e., maximum deposi-
tion of nearly 100% for particle size diameters of 8 to 10
pm, and a minimum deposition of 20% at 0.2 to 0.5 pm.
However, the theoretical curve of Yu et al. (62) provides
a closer fit to the experimental points obtained by Chan
and Lippmann (51), Heyder et al. (58), Lippmann and
Albert (47) and Foord (49). At particle diameters below
0.2 pm, the TGLD curves rise very rapidly and depart
radically from the available experimental data. All of
these curves show considerably higher predicted deposi-

tion fraction than the actual data obtained by Swift et
al. (50), suggesting an overestimate of deposition and a
corresponding increase of chemical or radiological dose
by factors of 2- to 4-fold.

Nasopharyngeal Deposition

The biological consequences of inhaled materials that
are deposited in the nasepharynx during normal breath-
ing can range from intermittent irritation and allergies
to nasal carcinoma. Increased nasal cancer has appeard
in several working populations that have persistently
inhaled reactive airborne particles or materials that
may adhere to particles, including leatherworkers (65),
furniture makers (66), ashestos workers (67) and women
employed as radium dial painters (68). Studies that
describe the patterns and extent of inhaled particle
deposition at various sites within the nasopharyngeal
region are essential for determination of the potential
toxicity of inhaled materials.

The first theoretical model of the deposition of
inhaled particles of the nasopharyngeal region was
developed in 1949 by Landahl and Tracewell (69) and
predicted that deposition by impaction would predomi-
nate except for the lowest flow rates. Reasonable
agreement with experimental data was obtained by
passively aspirating through the nose and mouth of
experimental subject aerosols of sodium potassinm
bicarbonate, corn oil, glycerol, tyrosine, bismuth sub-
carbonate and methylene blue (64,70). Pattle (71} in
1961 studied nasal deposition of monedispered methy-
lene blue particles produced by a spinning disk gen-
erator. The fractional nasal penetration of inhaled
particles was expressed by the empirical relationship:

P = 0.95[1 - 0.51 log(D?F/20.2))

Here D is the particle diameter (um) and F is the flow
rate in liters/minute. Nasal deposition N for particles of
a particular aerodynamic diameter {D),) was expressed
as:

N = —0.62 + 0.475 log D2F

This relationship was used by the TGLD to determine
deposition in the nasopharyngeal region (11). Particles
of the largest inhalable size (< 100 pm) down to about
20 pm were caleulated to deposit guantitatively in the
nasopharyngeal region. In 1971 Hounam et al. (56)
developed equations for nasal deposition of inhaled
insoluble particles and measured deposition in the
nasopharynx N of pressure differential P, between
nose and mouth:

N = —0.975 + 0.66 log D2P,,.,
These data showed much less scatter rather than those

obtained by Pattle (71) as a function of inspiratory air
flow,
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In 1970 Lippmann (72} measured nasal deposition as a
function of particle aerodynamic diameter D, and
ingpiratory flow F' in volunteers who inhaled through
the nose and exhaled through a mounthpiece, using
normal breathing throughout; these data are shown in
Figure 5. In 1974 Rudolph and Heyder (73) studied the
nasal deposition of monodispersed aerosol particles,
using four subjects with several tidal volumes, respira-
tory rates and patterns of exposure. Under the condi-
tions of inhalation and exhalation in both directions
through the nose and the mouth. Monodisperse parti-
cles (droplets) of di-2-ethyl-hexyl sebacate were used to
determine nasal deposition as:

N = —0.63 + 0.51 log D,°F

This expression describes a curve having nearly the
same slope as that of Pattle’s empirical relationship (71),
the latter shown by a straight line in Figure 5.

Individual variations in deposition and clearance may
be extreme in this region. In 1973, Fry and Black (57)
determined the regional deposition and clearance of
particles in the human nose, finding up to 83% of inhaled
particles of diameter 5, 7 or 13 pm deposited in regions
of the nasopharynx that were characterized by biologi-
cal clearance times of more than 12 hr. It thus may be
necessary to examine clearance patterns for as much as
24 hr in some individuals in order to adequately
characterize the movement and quantity of deposited
particulate material.

Few experimental studies of the head deposition of
particles, inhaled through the mouth, have been carried
out with the proper equipment and with carefully
regulated breathing patterns necessary to furnish reli-
able data. Exceptions are the classical studies of
Lippmann (7€), Chan and Lippmann (51) and Stahthofen
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Ficure 6. Deposition of inhaled particles in the nasopharynx during

nose breathing and in the head during mouth breathing: (0)
Hounam et al. {(55); (®) Lippmann (47), TV 1000 mL, 14 RPM; (¢}
Rudolf and Heyder {73); (O) Martens and Jacobi (86), TV 1000
mL, 14 RPM. The solid straight line is the empirical expression
derived by Pattle (77) for deposition in the nasopharynx, Deposi-
tion in the head during mouth breathing is expressed as the
dashed curve with confidence limits (solid boundary curves);
it represents the combined data of Chan and Lippmann (51),
TV 1000 mlL, 14 RPM, and Stahlhofen et al. (64}, TV 1500 mL,
15 RPM.

et al, (64). Lippmann (72) developed an external count-
ing array of crystals surrounding the heads of volun-
teers who inhaled radionuclide-labeled aerosols. Data
obtained from these studies, as well as the recent work
of Chan and Lippmann (51) on 26 healthy nonsmokers
and the results of Stahlhofen et al. (64) for mouth
breathing in three subjects, are combined and shown as
a single regression line in Figure 5, with confidence
limits as presented in the recent study of Chan and
Lippmann (51). Comparison of this composite curve for
head deposition during mouth breathing with the indi-
vidual data for deposition during nose breathing shows
that much greater deposition is predicted in the naso-
pharynx during nose breathing than during mouth
breathing. Conversely, breathing by mouth is likely to
cause higher deposition fraction in the tracheobronchial
region for a wide range of particle sizes.

Heyder et al. (25) performed a series of experiments
for both nose and mouth breathing using different
respiratory flow rates, tidal volumes, and respiratory
frequencies with a system that avoided respiratory
pauses. Nasal deposition values showed much greater
variability between subjects than did mouth breathing
deposition, and that inertial impaction is likely to be
much more efficient, particularly at high flow rates. At
low flow rates, tidal volumes became very important; at
250 mL/sec, the particle size of minimum- deposition
dropped from (.48 to 0.38 pm when the tidal volume
was changed from 250 to 2000 mL. The authors con-
cluded that the nose can be considered an effective
“filter” that protects the rest of the respiratory tract.

A statistical description of aerosol particle deposition
in the nose and mouth for inspiration and expiration has
recently been developed in 1981 by Yu et al. (74). These
authors have shown that the available data for nasal
ingpiration and expiration, as discussed above, fit well
into two linear relationships in terms of log pD?Q (where
p is particle mass density, D is particle diameter and ¢
is flow rate), one for larger values of pD*Q, and the
other for small values, i.e., < 250 (g/um®/sec), that
correspond to submicron particles where diffusion depo-
sition becomes important. In examining deposition
during inspiration by mouth, all deposition values for
D?*Q < 1000 were essentially zero, indicating a single
relationship was sufficient.

In addition to the high deposition probabilities for
large particles in the nasopharynx during nasal breath-
ing, this can be a very important region for diffusion
deposition of fine particles as they first enter the’
respiratory tract (72). Information on the extent of
deposition for very small particles (< 0.01 wm) within
the nasopharynx is very limited. Hounam (55) found
agreement between his experimental results and theo-
retical predictions (69,70), if he assumed that atmo-
spherie condensation nuelei behaved as a uniform aero-
sol of about 0.01 pm median diameter; reasonable
correlation was found between theoretical models and
measured iodine vapor deposition in nose and mouth,
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with 75 to 100% of the iodine vapor depositing in the
nose and mouth.

If very small, rapidly diffusing particles act as
carriers of attached radionuclides, their deposition can
lead to severe pathology in this region. Freshly gener-
ated '°Ru tetroxide attaches rapidly to available dust
nuclei that deposit principally in the nasopharynx of
large experimental animals (beagle dogs), causing highly
localized irradiation of nasal epithelium (75). Daily
exposures of 40 beagle dogs to alpha-emitting radon
daughters attached to uranium ore dust particles
(0.6-0.8 pm activity median aerodynamic diameter)
caused a 25% incidence of respiratory tract carcinoma,
with three eases of nasal carcinoma (76). Sprague-
Dawley rats exposed to an atmosphere containing 16 to
20% of unattached radon daughters (very rapidly diffus-
ing single ions) produced a high incidence of squamous
metaphasia and squamous carcinoma in the nasophar-
ynx (76). Rats exposed to radon daughters attached to
more slowly diffusing dust particles that deposited at
more distal sites in the respiratory tract showed no
nasal carcinoma, but 60% incidence of squamous carci-
noma and adenocarcinoma in the bronchioloalveolar
lung (60). George et al. (77) found that both the size of
the carrier uranium mine dust (or diesel exhaust)
particles and the tidal volume influence nasal deposition
of radon daughters in human subjects; larger particle
sizes greatly increased penetration to regions beyond
the nasopharynx.

Tracheobronchial Deposition

The trachecbronchial region of the respiratory tract
extends from airway generation zero (trachea) to gener-
ation 16 (terminal bronchioles), i.e., the conducting
airways beyond the larynx, where insoluble particles
are cleared primarily via the mucociliary escalator.
Experimental studies of tracheobronchial deposition
patterns have been generally conducted in humans via
mouth inhalation, bypassing much of the nasopharyn-
geal region. Recent studies have employed single-sized
monodispersed aerosols with median diameters ranging
from 0.1 to 8 pm. Lippmann and Albert (47) have
established the technique of determining tracheobron-
chial deposition based on findings that trachecbronchial
clearance via mucociliary transport appears to the
complete within the first 24 hr after exposure. Exterior
monitoring of the thorax for deposited monodispersed
radiolabeled aerosols was used to determine the amount
that is cleared during the first 24 hr; this was desig-
nated as the tracheobronchial deposition and is ex-
pressed as the fraction of aerosol entering the trachea
that deposits in this region.

Extensive studies hy Lippmann and Albert (47) and
Lippmann et al. (78) (54,79) using monodispersed FeoQ,
spheres labeled with ' Au or >'Cr or ®"Te in humans
and donkeys have provided data on deposition and
clearance patterns within the tracheobronchial region of

the respiratory tract. Large differences in tracheobron-
chial deposition fractions were found among individual
human subjects. Deposition in this region during mouth
breathing appears to be largely the result of impaction
processeg, particularly for particles greater than 4 wm
aerodynamic diameter. Calculated deposition fractions
for these sizes suggests that deposition should occur
primarily by impaction within the first 10 to 12 airway
generations (78). A transition in deposition mechanism
from impaction to sedimentation was indicated beyond
generation 12,

The TGLD (11) calculated that during nasal breathing
the total tracheobronchial deposition fraction seldom
exceeded 10% for aerosols having mass median diame-
fers greater than 0.5 um. A single figure of 8% was
therefore used as a deposition value for all particle size
distribution having mass median diameters between 20
and 0.02 pm. Morrow (80) has suggested that the mass
deposition of the aerosol is likely to be controlled by
larger particles undergoing inertial impaction in the
bronchial tree, and that this is probably the major effect
during mouth breathing because very few particles
greater than 8 pm are able to penetrate the nose. In
1977 Lippmann et al. (32) reported that roughly 10% of
inhaled particles with diameters as large as 15um
(aerodynamic) might penetrate into the trachecbhron-
chial region during mouth breathing. Deposition of 1 to
5 pm diameter test particles was found to increase
greatly in patients suffering from asthma or bronchitis,
and was increased in cigarette smokers compared to
nonsmokers (32).

Figure 6 presents the recent data obtained by several
authors for tracheobronehial deposition as a function of
particle size, studied in trained human volunteers using
mouth breathing. Two fitted deposition curves de-
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Figure 6. Deposition of inhaled particles in the tracheobronchial
region of the respiratory tract during mouth breathing: (®)
Lippmann and Albert (47), TV 750 mL, 14 RPM; (W) Foord et al.
(4+9), TV 1000 mL, 10 RPM; (V) Foord et al. (49), TV 1000 mL,
15 RPM; (©) Chan and Lippmann (51), TV 1000 mL, 14 RPM;
(-) Lippmann (32) fitted line to data from 26 volunteers;
{x) Stahlhofen et al. (64), TV 1500 mL, 15 RPM; ($ )} Nelson and
Parker (90}, TV - 1400 mL, 15 RPM; (—) Task Group on Lung
Dynamics (11}, TV 1450 mlL, 15 RPM; (-) {(11) TV 750 mL,
15 RPM.
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scribed by Mercer (81) are included, based on TGLD
calculations using 1450 and 750 mL tidal volumes
(11), as well as the data collected by Lippmann (32)
on 26 nonsmoking human volunteers. The data of Foord
et al. (49) were obtained using tidal volumes of 1000 mL
and 10 respirations or 15 respirations per minute. The
data of Chan and Lippmann (51) are based upon studies
involving an additional 26 volunteers who inhaled
monodisperse particle sizes ranging from 7.5 to 0.12
um. The results obtained by Stahlhofen et al. (64) on
three subjects are also included. The generally lower
values obtained in these studies may be due to the use
of a constant respiratory flow rate instead of the
variable flow rates used in the studies by Chan and
Lippmann (51). Stahlhofen et al. (64) based their
measurement of tracheobronchial deposition upon
amounts cleared during the first week after inhalation.

The earlier work of Lippmann and Albert (47) estab-
lished the dependence of trachecbronchial depogition
upon an impaction parameter, defined as the square of
the particle diameter times the flow rate. Palmes et al.
(82) first attempted to classify populations of healthy
individuals in regard to tracheobronchial deposition
using an anatomic deposition parameter. In 1980, Chan
and Lippmann (51) presented a new anatomical deposi-
tion parameter defined as the bronchial deposition size
(BDS) and derived an expression for tracheobronchial
depasition (TB):

TB = 8.14 x 107 DPQ/(BDS)Y*} + 0.037

Here Q is defined as the average inspiratory flow rate
(liters per minute), and D is aerodynamic particle
diameter (centimeters); in this empirical deposition
model the tracheobronchial tree contained 16 genera-
tions of airways, Measurements of deposition in 26
nonsmokers, 46 cigarette smokers, 19 individuals hav-
ing mild bronchitis, and 6 cases of severe bronchitis
showed bronehial deposition sizes (BDS) of 1.20, 1.02,
0.90, and 0.60 c¢m for these groups, respectively, indicat-
ing the value of this analysis as a diagnostic tool to
describe pulmonary disorders that affect the tracheo-
bronechial region of the lungs. The authors describe
bronchial deposition size as a deposition index; its
magnitude represents a physical characterization of
bronchial constriction in tracheobronchial airways based
upon deposition measurements, and is therefore analo-
gous to airway resistance as measured in pulmonary
function tests.

Stahlhofen et al. (64), using monodisperse FeyOg
particles labeled with *®Au, showed tracheobronchial
deposition values that were iower than those predicted
by Lippmann (32) when expressed as a function of an
impaction parameter D?Q, where @ is the average
ingpiratory flow rate. In 1981 Cheng and Yeh (&3)
proposed a tracheobronchial deposition model based
upon both impaction and sedimentation mechanisms,
Mean deposition radii of 0.33 to 0.43 em were obtained
for three subjects, correlating with pulmonary fune-

tional residual capacities. These values were similar to
calculated values of 0.263 and 0.376 ¢m based on
equations from the lung model of Weibel (14) and the
model of Yeh and Schum (84), respectively. Calculated
contributions of sedimentation to tracheobronchial depo-
sition were 42 to 78% at an inspiratory flow rate of 250
mL/see, decreasing to 8 to 29% at an inspiration flow
rate of 750 mL/sec; the latter corresponds well to the
model of Chan and Lippmann (51), based on impaction
alone, at the higher flow rate.

Figure 6 suggests that tracheobronchial deposition
(principally by impaction) is the major mechanism for
removal of inhaled large particles within the respiratory
tract during mouth breathing. However, deposition
values fall rapidly to a few percent for particles less
than 1 wm MMAD. Chan and Lippmann (51) found
tracheobronchial deposition values ranging between 1
and 10% for 1 to 0.1 pm particles during mouth
breathing. The TGLD (11) calculated deposition values
of < 10% for particle distributions having mass median
diameters ranging from 10 to 0.1 pm during nasal
breathing. Nasopharyngeal deposition by impaction
was expected to remove most of the particles larger
than 1 pm,

The foregoing discussion has described deposition
patterns of particles of homogenous materials that may
be used to evaluate a potential inhalation hazard,
pravided that particle size fractions are known. However,
the high incidence of bronchogenic carcinoma among
uranium miners (85) has focused attention on the
deposition of the alpha-emitting daughter products of
radon in selective regions of the tracheobronchial con-
ducting airways, when attached to carrier particles of
ore dust or diesel engine exhaust. Theoretical and
experimental studies by Harley and Pasternack (59},
Jacobi (86) and Parker (87), have shown that the
subsegmental bronchi of the tracheobronchial airways
are likely to receive the greatest radiological dose, due
to selective deposition and rapid radioactive decay
during subsequent biological clearance of inhaled radon
daughters (2'*Po, *MPh, *1Bi, *"“Po). While compara-
tively few data exist for measured deposition of radon
daughters hased upon activity mass aerodynamic
diameter, Nelson and Stuart (88) have demonstrated
increased concentrations of deposited radon daughters
at the bifurcations in the larger tracheobronchial
airways, and Parker (87) has calculated composite
deposition fractions in generations O to 16 of the
respiratory tract, using Haque and Collison's (§9)
calculations based upon mouth breathing of attached
radon daughters with inspiratory velocities of 347
mL/sec. Increasing deposition, largely due to diffusion
within these airways, is indicated by the three values
shown in Figure 6 for particle sizes of 0.09, 0.067 and
0.050 pm.

The increased deposition of alpha-emitting radionu-
clides in the tracheobronchial region during mouth
breathing, caused hy physical stress or impaired nasal
breathing due to concomitant respiratory disease, may
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be a major factor in the cbserved increase of broncho-
genic carcinoma in uranium miners. Under these condi-
tions i.e., obligatory mouth breathing, absorbed radio-
logical doses due to deposition of radon daughters
attached to carrier dust may increase by factors of three
to five times, compared to breathing similar atmo-
spheres via nasal inhalation (90).

Pulmonary Deposition

Insoluble particles that deposit in the alveolar or
pulmonary region may cause accumulating injury to the
lung, or may be gradually dissolved and transported to
systemic organs via the blood or lymphatic channels.
Predictive theoretical models have been made for pulmo-
nary deposition using the same principles as described
above for total deposition, but experimental verification
of pulmonary deposition is much more difficult. Farly
studies, such as those by Wilson and LaMer (26),
measured the quantities of inhaled and exhaled par-
ticles, and external monitoring of radioaetively tagged
materials. More recent studies, pioheered by Lippmann
and Albert (47}, have used radioactive tracer techniques
involving inhalation of monodispersed particles by hu-
man volunteers. The amount of material deposited
distal to the region of the ciliated airways and thus not
cleared within the first 24 hr represented pulmonary or
alveolar deposition. This was measured by external
monitoring of the thorax.

The predictive curves and experimental data for
pulmonary deposition of inhalation of particles that
were developed between 1935 and 1950 are shown in
Figure 7. Findeisen’s (36) theoretical studies are shown
in curves 7 and 2. Curve § represents deposition
calculated by Hateh and Hemeon (91), based upon
studies by Van Wijk and Patterson (46) of inhaled dusts.
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Figure 7. Predictive models and experimental values for pulmo-

nary or alveolar deposition of inhaled particles: (1) predictive,
Findeisen (36), 14 RPM, deposition distal to terminal bronchioles;
(2) predictive, Findeisen (46), 14 RPM, depositions in alveolar
ducts and alveoli; (3} predictive, Hatch and Hemeon (91);
(4) predictive, Landahl (21), 300 mL/sec, 5 RPM, tidal volume
1350 mL, deposition in bronchioles and below; (5) predictive,
Landahl (21), 15 RPM, tidal volume 450 mL, deposition below
terminal bronchioles; (6) experimental, Wilson and LaMer (26)
5.6 RPM; (7) experimental, Brown et al. (92), 156 RPM, tidal
volume 700 ml; (8) experimental, Gessner et al. (93).

Wilson and LaMer (26) examined pulmonary deposition
during mouth breathing in subjects that inhaled mono-
dispersed aerosols of glycerol and water, labeled with
12850dium (curve 6). In 1950 Brown et al. (92), measured
pulmonary deposition in humans during nasal breathing
of aerosols of china clay (curve 7). Gessner et al. (98)
examined the deposition of inhaled silica dust (curve 8).

In 1965, Beeckmans (40) developed a predictive curve
for pulmonary deposition based on Altshuler’s (94)
concept of interpulmonary gas mixing, with results
similar to curves 2 and 4 of Figure 7. Increases were
predicted in both total deposition and pulmonary deposi-
tion for particles < (.10 um, due primarily to diffusion.
Altschuler et al. (95) in 1967 studied deposition of
inhaled particles during mouth breathing by volunteers.
After correction for mechanical aerosol mixing, their
results indicated that the particle size for maximum
alveolar deposition would be > 2 pm aerodynamic
diameter. Davies (96) in 1967 examined the size distribu-
tion for dusts retained within the lungs and described
particle size maximum to be < 1.5 pm. In 1971, Heyder
and Davies (52) described a compartmental model
influenced by changing tidal reserve volumes and resid-
ual air volumes, using particle exchange coefficients to
predict the deposition of 0.5 pm particles in the lungs.
They concluded that air mixing resulting from intertial
flow and turbulence does not oceur except in dead air
space (conducting airway) regions, and that particie
exchange is due to intrinsic motion of the particles. In
1972, Davies (48) described the fractions of inhaled
particles that are deposited in alveolar air space as a
function of particle size.

Figure 8 describes the deposition fractions for parti-
cles in the pulmonary lung as a function of aerodynamic
or linear diameter, from data recently obtained during
carefully controlled studies of human volunteers using
mouth breathing. Chan and Lippmann (51) studied
alveolar deposition during mouth breathing in 26 healthy
nonsmokers, using a tidal volume of 1000 mL and 14
breaths/minute. Monodisperse Fe,0; particles were
tagged with ¥ Te and *®Au for assessment of deposi-
tion by external monitoring. Figure 8 also contains
three predictive curves for pulmonary deposition. Two
curves are based on ealculations from the TGLD (1) at
15 breaths/minute, with tidal volumes of 1450 mL and
750 mL. The third curve was derived by Yu et al. (62) in
1978, based upon a two component theory for particle
deposition (63). Particle coneentrations in the conduect-
ing airways and in the alveolar region were considered
to be different, and this difference in concentration
caused a net mixing between tidal and residual aerosol
during respiration. Yu (63) incorporated the effect of
particle motion on aerosol mixing for steady mouth
breathing without pause. The predictive deposition
curves of Yu et al. (62) fit the data of Lippmann (32)
very closely for larger particle sizes, with a pulmonary
deposition of roughly 40% for 2 to 3 wm particles, at a
tidal volume of 1000 mL and 14 respirations/minute.
The TGLD model predicts higher maximum deposition
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values of 50 to 60% for particles of 2 to 3 um (72). All
curves describe a minimum size for alveolar deposition
between 0.2 and 0.5 pm, with depositions values of 12%
predicted by the curve of Yu et al. (62), and 20% by the
curves of the TGLD (11). Much better correspondence
is evident between the data of Chan and Lippmann (51)
and the recent theoretical treatment by Yu (63). No
eXxperimental data exist for pulmonary deposition of
very fine particles, as it is very difficult to generate
well-defined nonaggregated particle sizes < 0.1 pm.
However, in this region the theoretical curve of Yu et al.
(62) lies a factor of 2 to 4 below those predicted by the
TGLD (11). The decreasing deposition below 0.02 pum is
consistent with prior removal of rapidly diffusing small
particles in proximal airways.

Heyder et al. (27) suggested in 1980 that volumetric
flow rate was a major determinant of particle deposition
by impaction, and that the effeet of residence time
within the lung was a primary determinant for particle
deposition by sedimentation and diffusion. They con-
ducted experiments using a mean volumetric flow rate
constant of 250 mL/sec, and studied the effects of mean
residence times of 2, 4 or 8 see. Maximum alveolar
deposition changed from 4 to 3.2 pm with inereasing
residence times. At 250 mL/sec, particles up to diame-
ters of 2.4 pm were deposited almost entirely in the
pulmonary region, At a mean flow rate of 750 mL/sec
and a residence time of 2 see, particles with diameters
< 1.5 wm were apparently deposited only in the
pulmonary region.

Associated experiments were conducted by Stahlhofen
et al. (64) in 1980, using Fe,03 monodispersed particles
labeled with *®Au radioactive tracer. Alveolar deposi-
tion was determined by extrathoracic scintillation
counters, assuming rapid and quantitative removal of
particles deposited in the tracheobronehial region. These
investigators conecluded that deposition of particle sizes
< 2.4 pm (aerodynamic) occurs almost exclusively in

1.

PULMONARY DEPOSITION
MOUTH BREATHING

z 08 4
=4
=
3
e 061
[
g
E 04
“
(=]
)
a ozf A
Y
a 5 AN
5] a1l —— el P -
oo 002 005 o. 0.2 [o1] [R4] 2 5 10

Moss Median

Digmater (um) | Aerodynamic Diameter {um)

Fisure 8. Deposition of inhaled particles in the pulmonary or
alveolar region of the respiratory tract during mouth breathing:
(A) Lippmann and Albert (47), TV 1460 mL, 14 RPM; (O)
Altshuler et al. (35), TV 508 mL, 15 RPM; (A) Chan and
Lippmann (51), TV 1000 mL, 14 RPM; {(—)Task Group on Lung
Dynamies (11), TV 1450 mL, 15 RPM; (-) (1), TV 750 mL,
15 RPM; (x) Yu et al. {62), TV 1000 mL, 15 RPM; bars
represent 38D.

the pulmonary region, under normal breathing con-
ditions. This conclusion is supported by comparison of
Figure 8 with that of total deposition for mouth
breathing (Fig. 4), indicating virtually identieal pat-
terns of deposition for particle sizes up to 2.5 to 3.0 pm.
Stahlhofen et al. (64) also suggested that because the
flow velocity of the aerosol in the pulmonary region is
too low to allow deposition by inertial impaction, deposi-
tion for particles of diameters < 2.4 pm is due almost
entirely to gravitational sedimentation. For particles
below 0.20 pm aerodynamic diameter, diffusion be-
comes the predominant mechanism of deposition in the
pulmonary region as well as within the total respiratory
tract; such deposition would increase with increasing
mean residence times. The finding of rapid decrease
in pulmonary deposition with increasing size for par-
ticles above 4.5 pm is amply supported by the data
of Chan and Lippmann (51) and is well described by
the predictive alveolar deposition curve developed by
Yu et al. (62).

Mechanisms of Respiratory Tract
Clearance

Particle Clearance Pathways

The clearance of inhaled deposited particles from the
respiratory tract is a continuous process that entrains
particles immediately upon their deposition. It consists
of a complex set of processes involving the three
principal regions of the respiratory tract described
above, i.e., the nasopharynx, the tracheobronchial or
conducting airways, and the pulmonary or gas exchange
regions, all served to varying degrees by three primary
routes of clearance; i.e., to the blood, to the lymphatic
¢ireulation and to the gastrointestinal tract. Inscluble
materials that are deposited on inner airway surfaces of
the nasopharyngeal or tracheobronchial regions of the
respiratory tract may be cleared rapidly by mucociliary
transport, either as intact particles or following phago-
cytosis by pulmonary alveolar macrophages. Ingoluble
particles that are deposited below the ciliated airways,
i.e., beyond the terminal bronchioles may become a
reservoir for subsequent translocation to other tissues
via the bloodstream, to lymphatic channels draining
into peripheral or hilar lymph nodes, or via gradual
phagocytosis and conveyance within pulmonary macro-
phages to form a slow component of clearance into the
gastrointestinal tract. Deposited particles composed
of materials that are readily soluble may be absorbed
into the bloodstream following dissolution within the
airway lining fluids ar cells, Clearance of soluble materi-
als by this pathway may occur within all regions of the
highly vascularized respiratory tract.

Mechanical Clearance Processes

Mucaciliary Clearance of Airways. According to
the classification of Jeffrey and Reid (97), there are
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eight principal types of cells that form the respiratory
epithelium. Among the six types of superficial cell
(rather than basal and Kulchitski cells), five, including
the goblet, serous, Clara, intermediate and brush cells,
are nonciliated.

Goblet cells are found with varying density along the
condueting airways of the respiratory tract and are
respongible for the produetion of mucus that serves as a
vehicle for entrapment and conveyance of deposited
particles, propelled by the action of the cilia (98). In
humans these cells produce sialomuein or a mixture of
sulfomucin and sialomucin (97).

The serous cell is found in great numbers in proximal
airways of specific pathogen free rats; it has recently
been identified in fetal airways in man (97). It is
responsible for serus secretions along the respiratory
airway epithelium that may form a periciliary layer
beneath the particle-bearing mucus.

Clara cells are found in airways as large as the
trachea, but appear to be most frequent in the region of
the terminal bronchioles (99). They apparently secretea
neutral glycoprotein and have subcellular structures
similar to cells that are able to produce steroids (100).

Whether located in the nasopharynx or in the tracheo-
bronchial airways, the ciliated cells propel mucus to-
ward the oralpharynx, with subsequent clearance to the
gastrointestinal tract. Ciliated cells of the upper respira-
tory tract each have about 200 cilia, with 8 to 10
projecting from each wm? of cell surface (101). Electron
microscopic studies of the cillum have shown small
clawlike projections at the tip that are thought to
function in drawing the mueus forward (102). Cilia in
the trachea have been reported by Dalhamn (103) to
beat 1320 times/min, whereas Iravani (104) has found
the frequency of ciliary beating in rats to range from
400 beats/min in the distal airways to about 1000
beats/min in the main lobar bronchi. This synchronized
ciliary beating propels mucus at the rate of 0.4 mm/min
in the smallest bronchioles up to nearly 12 mm/min in
the lobar bronchi in rats (99), while rates of mucus
movement in the dog range from 1.6 mm/min in small
bronchioles to 4 mm/min in segtental bronchi and 12.6
mm/min in the trachea (705). Morrow et al. (106)
calculate similar rates for movement of deposited parti-
cles in human lungs, i.e., 100 to 600 pm/min in the
terminal bronchioles. Serafini et al. (107} found that
much slower rates of movement occur at the periphery
of the lung than in the proximal airways. Yeates et al.
(108) and Wood et al. (109) describe flow rates of mucus
in the human trachea of 5 to 20 mm/min.

There is little evidence of the buildup of fiuids within
the proximal airways of normal lungs during clearance,
suggesting that reabsorption of the secretions from
distal areas must take place. This is supported by the
findings that secretions in peripheral airways are less
viscous than those in central airways, as discussed by
Asmundsson and Kilburn (105). Cammer and Philipson
(110) report that clearance by mucociliary action from
the ciliated airways is likely to be complete within a

matter of hours. The quality of mucus varies depending
upon the Jocation in the respiratory tract (99). In the
distal and terminal bronchioles, the fluid lining of the
airways consists primarily of a low viscosity serous fluid
that is continuous with the surfactant lining the alveoli.
The respiratory bronchioles are lined with noneiliated,
or occasional low ciliated cells, with secretory cells and
Clara cells becoming more numerous in toward the
trachea. The next several generations of bronchioles are
lined with ciliated epithelium that becomes continuous
and is about 20 to 30 pm in depth, having few basal
cells. In this region the ciliated cells cover about 50% of
airway surface. Clara cells are sparse, but goblet cells
that are capable of secreting more viscous mucus are
more pientiful. In small airways the lining fluid lacks
mucus, but goblet cells, found in greater density in the
larger airways, produce mucus that becomes a continu-
ous layer in the bronchi and trachea (10%). The serous
fluid lying beneath the muecus layer is subject to the
action of ciba during both propulsion and return
movement, but may not be propelled at the same
velocity as the mucus layer (99). Mechanical clearance of
insoluble particles, whether deposited directly upon
this mucus layer, or within macrophages that are
transported by the mucus layer, is the principal means
of clearance to the gastrointestinal tract.

Deposition, retention and transport of radioactively
labeled monodigpersed aerosols in the respiratory tract
have been studied extensively by Albert et al. (111),
Camner et al. (112), and Lourengo et al. (119). Lipp-
mann (32) has described a comprehensive series of
studies of the mucociliary clearance of insoluble parti-
cles using labeled Fe,04 microspheres inhaled by human
volunteers. Bronchial clearance was found to vary
between 3 to 24 hr, but subsequent clearance was a
great deal slower and was thought to depend upon
mechanisms other than mucociliary transport. Ob-
served bronchial clearance tended to terminate rather
abruptly, with little indication of a fast component of
clearance from the alveoli. The pattern and magnitude
of retention curves depended directly upon the size
distribution of the deposited aerosol, the frequency and
rate of inspiration, and the relative dimensions of the
conducting airways. Therefore, the amount of material
clearing within 24 hr, representing deposition in the
tracheobronehial region, may vary greatly between
subjects (32).

Yeates et al. (108) have used radiolabeled mono-
disperse aerosols to measure mean mucociliary trans-
port rates of 4.7 = 3 mm/min in 42 subjects, and 5.9 + 3
mm/min in 14 subjects. Clarke and Pavia (114} have
compared a variety of techniques used to measure
tracheal mucus velocities in the lungs of man, including
aerosols of radionuclides, cinebronehofiberscopy, roent-
genography, and insufflated radio-opaque tantalum.
Tracheal mucus velocities were found to be 5.8 = 2.6
mm/min for older subjects, compared to 10.1 = 3.5
mm/min for healthy young adult subjects (roentgeno-
graphic) (115) and 20.1 = 6.3 mm/min (cinebroncho-
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fiberscopy) (109) for another group of young subjects.
Goodman et al. (115) have found that mucociliary
clearance appears to slow with age, although there was
no difference in clearance rates between men and
women. Wong et al. (116) report that posture seems to
have little effect on mucociliary clearance. Batemen et
al. (117) have found that during sleep clearance is
slowed; Clarke and Pavia (114) suggest that the slower
clearance during sleep may be of importance in individu-
als suffering chronic bronchitis or asthma.

Clearance by the Pulmonary Alveolar Macro-
phage. Pulmonary macrophages are mobile cells that
defend the lungs against bacterial or viral infection and
are responsibie for the initial collection and removal of
deposited particles, particularly in the alveolar region
of the lungs. They are able to phagocytize and lyse
invading organisms, being rich in lysosomes that can
attach to phagosomal membranes (62), surround in-
gested material and attack it with a variety of pro-
teolytic enzymes (118-120). Brain {(121) has pointed out
that pulmonary alveolar macrophages can effectively
reduce particle penetration through epithelial barriers
and provide most of the bactericidal properties of the
respiratory tract. These large mononuclear cells are
found upon the alveolar surface, but are not a part of
the continuous epithelial cell surface, which is com-
posed of attenuated epithelial Type I pneumocytes and
large alveolar cells, i.e., the Type II pneumocytes. In
healthy mammals the precurser cells of the pulmonary
alveolar macrophage are thought to be supplied by or
reside in the pulmonary interstitium (127). When in-
haled particles are deposited upon the respiratory
epithelium, increased numbers of macrophages may be
recruited from precursors in the lung, or may appear as
a consequence of the increased multiplication of free
pulmonary macrophages. It is also believed that they
may derive from the bone marrow via blood monocytes.

Deposited particles that are removed by endocytosis,
including phagocytosis, may follow a great variety of
clearance patterns and/or half-times of removal, depend-
ing on their initial deposition site in the respiratory
tract, the total amount deposited, their physieochemical
properties, and the size, shape, and surface reactivity
of the deposited particles. The clearance of insoluble
dust from the pulmonary regions of the respiratory
tract via the mucociliary escalator seems to occur
rapidly follewing the appearance of dust in the macro-
phages (722). The pulmonary alveolar macrophage ap-
pears to translocate to airway regions of the lung that
are lined with ciliated epithelium, allowing eventual
clearance via the gastrointestinal tract. This process
may play a predominant role in early clearance from the
alveolar region, i.e., within the first few hours to several
days (121). However, the process is not entirely effective,
and the persistence of remaining toxic dust particles
within this region, or continuing inhalation of toxic
dusts, may lead to increased cellular damage or
proliferation.

There is disagreement as to which of two pathways is

primarily involved in removal of particle-bearing macro-
phages with uitimate transport to the gastrointestinal
tract. The first pathway follows an interstitial route,
whereas the second may be composed of 2 continuously
moving surface film that in some way draws cells to the
ciliated epithelium at terminal bronchioles. Brundelet
(128), in studies of lungs from rats that inhaled dye
particles, suggested that particle-containing macro-
phages may migrate to ciliated airways through lym-
phoid collections found at the bifurcations of major
bronchi and bronchioles. Green (724), in studies of
alveolar and bronchiolar transport mechanisms, ob-
served collections of maerophages containing coal dust
and suggested that alveolar lining fluid, alveolar cells
and particles flowed within “liquid veins” between
alveoli, with the driving foree for such fluid flow derived
from variations in the tension of the alveolar wall during
the mechanics of respiration.

Movement of particle-bearing macrophages along the
surface of the airways has been reported by Hatch and
Gross (). Ferin (125) exposed rats to aerosols of
titanium oxide, a very inert dust, and studied localiza-
tion of these particles within the lungs on days 1, 8 and
25 of exposure. Particle-bearing macrophages were
found to be concentrated in alveolar ducts and at the
junctions of the respiratory and terminal bronchioles.
Much more rapid translocation of particles to the
lymphatic system was observed as rats received increas-
ing lung burdens of this material. Pulmonary clearance
rates increased to several micrograms per day, reaching
a plateau at a lung burden of almost 40 mg. This
suggested that the physical mass of dust within the lung
could affect the rates of lung clearance via pulmonary
macrophages.

Toxic insoluble dusts may show a similar inhibiting
effect upon macrophage clearance. LaFuma et al
(126,127) exposed rats to increasing air concentrations
of Z%Pu oxide particles. They found that the initial or
faster phase of lung clearance could be eliminated
entirely at high levels of initially deposited plutonium.
This may represent killing or immobilization of plu-
tonium-bearing macrophages, leaving only a very pro-
tracted phase of clearance that may be due to gradual
dissolution within the lung. Stuart et al. (128), in
analyses of whole-body and pulmonary retention pat-
terns for inhaled insoluble plutonium-239 oxide in large
experimental animals, have found a similar disappear-
ance of the early phases of phagocytic cell-mediated
clearance. Less toxic particles, or particles in combina-
tion with toxic gaseous pollutants, may also have
marked effects upon respiratory tract clearance. Phalen
et al. (7129) have found that ozone plus sulfate aerosols or
ozone alone dramatically interfere with the early phase
{0-50 hr) mucociliary transport, but can stimulate later
clearance.

Brain (130) demonstrated that increased levels of
particle deposition could stimulate an increase in the
number of recoverable free cells within a few hours,
attaining a maximum at about 1 day In studies using
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pulmonary lavage, rats exposed to a triphenyl phos-
phate submicron-sized aerosol at a mass concentration
of 21 mg/m® showed an increase of 122% in such cells.
Brain and Corkery (131) examined the degree of parti-
cle ingestion by macrophages obtained by successive
Pulmonary washings in hamgters exposed to colloidal
%BAu. They found that pre-exposure to Fe,0, and
colloidal carbon particles reduced the ingestion of the
gold colloid by macrophages, when measured 2 hr after
inhalation exposure. However, this uptake was within
normal limits at the end of 24 hr. Pre-exposure to coal
dust maintained a depression in goid colloid uptake,
indicating a persistent detrimental effect of this mate-
rial upon macrophage function. Strecker (132) examined
rat lungs after inhalation of various types of dust, to
determine the penetration of dust into pulmonary
lymphatic channels and lymph nodes. Rats were ex-
posed to aerosols of titanium, aluminum or ferric oxide
dusts, and found that a mean pulmonary deposition of
about 0.5 mg/ung caused little change in the number
of pulmonary alveolar macrophages. However, a cyto-
toxic quartz dust at similar levels produced a very
tnarked increase in the number and division rates of
these celis (132).

Sorokin and Brain (133) described a prolonged phase
of clearance of Fey0; that appeared at 1 to 3 weeks after
exposure. Particles were found within macrophages of
the connective tissue compartment of the respiratory
tract. This localization of inhaled particles developed
slowly over many months. Initially and for several
months, the greatest portion of inhaled Fe,(05 particles
were found within alveolar macrophages, but gradually
the preponderance of retained material was found in
connective tissue macrophages. Such macrophages laden
with particles are apparently released very slowly from
interstitial sites within the pulmonary parenchyma.
Inhaled fibrogenic particles may be retained for even
longer periods of time. Davis et al. (134) found greater
levels of quartz in coal miners who had developed
pulmonary massive fibrosis than those having earlier
stages of simple pneumoconiosis.

Morgan et al. (135) exposed rats to aerosols of
radioactively labeled asbestos fibers. They found that
approximately 20 mg of these particles were retained
within lungs, with little effect upon the number of free
macrophages or their size. The incorporation of fibers
by pulmonary alveolar macrophages was essentially
complete within 24 hr. Thus, fibers that are considera-
bly longer than the diameter of the pulmonary alveolar
macrophage (10-12 pm) may accumulate in alveolar wall
and are not likely to be susceptible to pulmonary lavage.
Beck et al. (136) have suggested that the short fibers
are not as damaging because they can be entirely
engulfed by pulmonary macrophages, whereas the
longer fibers can penetrate the alveolar macrophage
membrane, causing release of proteolytic enzymes as
well as loss of mobility or inactivation of these cells.
Allison {137) has desecribed a high correlation between
the capacity of a variety of inhaled particles to induce

lysosomal enzyme secretion from macrophages within
culture and to induce pulmonary granulomas % vivo.
Macrophage proteinases can also affect systems respon-
sible for generation of kinin, blood coagulation and
fibrinolysis (133).

Transport of Phagocytized or Free
Particles to Regional Lymph Nodes

Inhaled particles that deposit and remain within the
alveolar region of the lung can be transported via the
lymphatic drainage system to regional lymph nodes
(124). The relative toxicity of the inhaled material
appears to influence this pathway Ferin (125) found
little accumulation of the inactive TiOs in thoracic
lymph nodes of rats after 25 days. Sorckin and Brain
{183y found that Fe,0, particles accumulated only
gradually in regional lymphatics. Thomas (158) devel-
oped a model to fit observed retention of inhaled
particles in rats, hamsters and dogs. He found that
inhaled plutonium oxide and other insoluble particles
concentrated rapidly in the thoracie lymph nodes,
exceeding the concentration within the lungs after
three months. Stuart et al. (139), in analysis of deposi-
tion and translocation patterns of inhaled ®°Pu oxide
particles in dogs, found that thoracic lymph nodes
became the major secondary reservoir of translocated
plutonium within the body. This seecondary reservoir
was responsible for the sigmoid accumulation of this
radionuclide within the liver and skeleton and became
the principal site for whole-body retention of this
radionuclide at several years following a single inhala-
tion exposure. Figure 9 describes the accumulation
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Figure 9. Accumulation and retention of uranium-238 and therium-
230 in the lungs and tracheobronchial lymph nodes of rats,
when inhaled as constituents of uranium ore particles. Note the
accumulations in the pulmonary lungs during daily exposures
(4 hr/day), the translocation to regional 1ymgh nodes, and the
more rapid clearance by dissolution of the *U from the lungs

after the cessation of exposures (140).
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within the lungs of ***U and 2°Th inhaled by rats as
constituents of uranium ore, in studies reported by
Stuart and Beasley (140). Radionuclide chemistry of
these components of the highly insoluble uranium ore
showed rapid accumulation within the lungs during 8
weeks of exposure, followed by transloeation of both
radionuclides, perhaps as intact particles, to the tho-
racic lymph nodes following cessation of exposures.

Dissolution of Inhaled Particles

Inhaled particles that are deposited upon respiratory
tract epithelium may be subject to direct dissolution
within the airway or alveolar lining fluids, Mercer (141)
has developed a model for the dissolution of deposited
materials, which in many cases appears to reasonably
predict the disappearance rates of deposited materials
within the lung. It was assumed that the deposited
aerosol was log normal in particle size distribution, and
that the deposited particles would gradually dissolve
and disappear from the respiratory tract as a function of
" the surface area of each particle. This mode of clearance
was described as a function of three parameters: (1) the
median particle size of the mass distribution within the
lungs after depesition, (2) a parameter related to the
variability of the distribution, i.e., the geometric stan-
dard deviation, and (3) the nonequilibrium dissolution of
the deposited material per unit of time. The latter
parameter can be obtained by use of a synthetic
dissolution medium having chemical properties similar
to that of pulmonary interstitial fiuid.

Thomas (138) has used this solubility model to esti-
mate the size distribution of particles that were depos-
ited in the alveolar lung of the rat, hamster and deg
while studying the hiological clearance of test materials
in these animals. This dissclution model is based upon
physicochemical characteristics of particle size and in
vitro solubility, and appears to provide an adequate
description of overall clearance rates for many soluble
materials and some relatively insoluble particles that
are deposited within the respiratory tract (147). How-
ever, such a model may provide little guidance in
determining clearance fractions and half-times of mate-
rials tht are rapidly phagocytized and cleared primarily
via a cell-mediated meehanism, either to the gastrointes-
tinal tract or to regional lymph nodes.

Task Group on Lung Dynamics Clearance
Model

The Task Group on Lung Dynamics (11) in 1966
proposed a model that defined various regions of the
respiratory tract in order to predict inhaled particle
retention based upon available data deseribing regional
clearance mechanisms (Fig. 10). After inhaled particles
are deposited, a fraction of the deposited material will
pass either to the blood, to the gastrointestinal tract or
to the lymphatic system, depending upon the observed
or predicted retentions of the material, with the remain-
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Figure 10. Deposition and clearance pathways for inhaled particles,
following the predictive model of the Task Group on Lung
Dynamics (11). Pathways (f) and (g) must pass through the
tracheobronchial region. There may be more than one subeom-
partment representing “lymph,” for insoluble materials, including
retention in the thoracic and abdominal lymph nodes, depending
upon physical chemical properties, total accumulated mass, and
relative toxicity of the initially inhaled material.

der described as being minimally retained, moderately
retained or avidly retained (142). Pathway a represents
a rapid clearance from the nasopharyngeal region to the
bloodstream; pathway b represents clearance to the
gastrointestinal tract (11). Pathways ¢ and d represent
clearance of the material deposited in the tracheobron-
chial region to the blood and to the gastrointestinal
tract. The materials deposited in the pulmonary region
are cleared by four pathways. Pathways f and g (rapid
and protracted clearance) are followed by particles that
proceed to the gastrointestinal tract after first being
translocated through the tracheobronchial region via
the mucociliary escalator. Pathway e represents clear-
ance to the blood; pathway h represents clearance via
the pulmonary lymphatic channels. Pathway i repre-
sents a movement of at least a portion of the material
that aecumulates in the regional lymph nodes and
associated lymphatics to the bloodstream.

Table 2 of the TGLD (11) was constructed by classify-
ing materials as D, W and Y, signifying various frac-
tions of deposited materials that are cleared with
biological hali-times of less than a day (D)), materials
having half-times for clearance of a few days to a few
months (weeks, W) and half-times of a year or more (Y).
Class Y materials are the oxides and hydroxides of most
lanthanides and actinides, many of the carbides and
lanthanide fluorides. Class W applies to materials of
moderate retention, including a variety of sulfides and
sulfates, carbonates, many phosphates, many of the
hydroxides and oxides of chemieal periodic table groups
2a, 3a, 4a, ba, 63, 8, 2b, 4b, b, 6, and many of the halides
and nitrates. Class D materials have minimal retention
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Table 2. Constants for use with task group on lung dynamies
clearance model.®

Class (D) Class (W)  Class(Y)
Nasopharynx (a) 0.01/0.50 0.01/0.10 0.01/0.01
(b} 0.01/0.50 0.4 /0.90 0.4 /0.99
Tracheobronchial (c¢) 0.01/0.95 0.01/0,5 0.01/0.01
() 0.2 /0,056 0.2 /0.5 0.2 /0.99
Pulmonary (e) 0.6 10.80 50/0.15 500/0.05
() n.a. 1.0 /0.40 1.0 /.40
(g) n.a. 50/0.40 50010.40
(h) 0.5 /0.20 50/0.05 500/0.15
Lymph (i) 0.5 /1.00 50/1.00 1000/0.90

# Values taken from the report of the Task Group on Lung Dynamics,
ICRP Publication (11) and amended as in 1972 (13). The first value
is the biclogical half-time in days; the second is the appropriate
fraction. The single fraction of 0.90 listed for Class Y, pathway i,
suggests a persistent reservoir for 10% of the material reaching the
compartment.

and include many of the nitrates halides, phosphates,
carbonates, sulfates and sulfides not included in Class
W. There are several possible values for both the
fractions and the half-times of Class Y materials pro-
ceeding by pathway i, i.e., material translocated from
lungs through the regional lymph nodes which may
eventually reach the systemic circulation (18,138,139,).

Nasopharyngeal Clearance

The TGLI} model (11) assumed that rapid transport
time would occur for all particles deposited in the
nasopharynx. Although mucociliary clearance has been
found to be rapid in some areas within the nasopharynx,
there are other areas within this region that may be
devoid of cilia, causing impaired clearance. Fry and
Black (57) found that up to 83% of'inhaled 2.5, 5, 7 or 10
pm particles were deposited in nasal regions that were
cleared with biological half-lives of more than 12 hr.
Clearance times on the order of a day or more in
anterior unciliated regions may be the case in some
individuals. Studies with nose-only inthalation of radio-
nuclides by large experimental animals at the Inhala-
tion Toxicology Research Institute (743) and at the
Battelle, Pacific Northwest Laboratories (144,145) indi-
cate retention times of several days or longer in the
nasal turbinates of large experimental animals.

Tracheobronchial Clearance

Morrow (80) has suggested the use of three zones to
describe tracheobronchial clearance, ie., regions of
conducting airways that are up to 10 ¢cm, 10 to 20 ¢cm,
and 20 to 30 ¢m from the epiglottis. His experimental
studies with radionuclide-labeled uniform 10 pm poly-
styrene particles and 7.5 wm mass median diameter iron
oxide particles, using mouth breathing by humans and a
multierystal external detection system, indieated half-
times of 0.5, 2.5 and 6 hr for the proximal, intermediate
and peripheral regions, respectively. Tracheobronchial
clearance was thus described by a three-component,

six-parameter exponential expression. However, Mor-
row (146) pointed out that observed mucus velocities
cannot readily be divided into convenient step gradients
and developed in 1970 a model describing a continuous
gradient of rates utilizing the data from many investi-
gations. Tracheobronchial retention was described as an
indirect function of the mass median diameter, in a form
incorporating an initial value multiplied by an exponen-
tial power of time. It, too, was shown to be a reasonable
approximation of the available data, although there is a
wide degree of variability within the reported data
itself, Albert et al. (£11) have found wide intersubject
variability in tracheobronchial clearance rates and frac-
tions of nonsmoking volunteers, but that cigarette
smoking may either decrease or increase rates depend-
ing on smoking history. Camner et al. (£12) have also
found wide individual variability in human tracheobron-
chial clearance rates (6 min to 1 hr), but much greater
consistency in rates for the same individual in repeated
studies using inhaled ®*Fl-labeled 7 wm particles.

Pulmonary Clearance

All of the pathways discussed above may be involved
in the clearance of particles deposited within the
pulmonary region of the lung. Endocytoesis, including
phagocytosis and pinocytosis, is a major clearance
pathway of insoluble particles from the lung parenchyma.
Macrophage transport may be the principal clearance
mechanism from this region for insoluble materials,
with cells migrating either via the tracheobronchial tree
or via regional lymphatic channels. In addition, depos-
ited particles that move directly to interstitial sites may
be transported to the lymphatic vessels or blood
capillaries, or may be phagocytized by macrophages in
these regions. The particles entering lymphatic capillar-
ies may become immobilized upon reaching the lymph
nodes, and there serve as a secondary reservoirs for
gradual input into the systemic circulation (139). Green
(124) suggested that particle-bearing pulmonary macro-
phages may alse migrate to subpleural and paraseptal
positions, to perivascular sites or to peribronchiolar
positions where nearly permanent storage in the ung
may occur These accumulations of particles within
macrophages may form the initial lesions of chronie
pulmonary diseases (147). However, a portion of the
pulmonary burden of inhaled particles may be gradually
removed by disselution, resulting in the appearance of
low concentrations of the material in the lymphatie or
blood circulatory systems. The TGLD model (11) sug-
gests that the physicochemical nature of the deposited
particles determines their clearance pathways and rates
of removal. However, this concept may not apply in
cases of developing lesions or established lung pathology.
In addition, Moss {148) and Moss and Kanapilly (149)
have shown that rates of dissclution for individual
components in an inhaled particle matrix may differ
greatly.

The specific fractions and kinetics associated with
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each clearance pathway must be re-evaluated as new
information becomes available to validate the predictive
use of such models. The possible alteration in clearance
rates from the lung as a function of repeated versus
single inhalation exposures to 1**Ce oxide on %Py oxide
is being studied at the Inhalation Toxicology Research
Institute (150). In 1981 the Task Group on Respiratory
Tract Kinetics of the National Council for Radiation
Protection and Measurements (151) suggested that
currently available clearance data can be used to define
at least five major classes of compotnds, instead of the
three (D,WY) that served as the basis for the earlier
TGLD model (/1) described in Table 2. Brain and
Valberg (15) have developed a comprehensive computer
program based on the TGLD model to caleulate particle
retention and cumulative exposure to the respiratory
tract. These authors urge eaution in the application of
such models, showing that changes in deposited particle
size distributions and the relative solubility of a given
material can alter retention and integrated dose in some
compartments by as much as five orders of magnitude,
even when identical total particle amounts are inhaled
(15).

In 1980 Wilkey et al. (152) investigated mucociliary
clearance of deposited particles in nine male subjects
using monidisperse 7.9 pm (aerodynamic) Fe,O, parti-
cles labeled with **™Te. A gamma camera was used to
study total bronchial clearance, as well as clearance
from areas representing central (Zone I, generations
1-6), mid (Zone 11, generations 7-13), and peripheral
(Zone III, generations beyond 13) regions of the respira-
tory tract, defined for each subject from a series of
bronchograms. Observed clearance rates were found to
be in good agreement with the predictive model that the
authors developed on the basis of the dichotomous
branching system of Weibel (24). The mean half-times
for total bronechial clearance and for clearance from the
central, midregion, and peripheral regions were 1.90,
1.97, 1.70 and 2.62 hr, respectively (152). In comparizon,
Albert et al. (158) studied the deposition of 0.8 to 7.9
pm Fez0; particles in nine healthy subjects and found
an average half-time for mucociliary clearance of 1.5 hr.
Thomson and Short (154) reported an average muco-
ciliary clearance of 2.8 hr for inhaled 5 pm polystyrene
particles in five healthy subjects, Bohning et al. (155)
found mean bronchial clearance half-times of 3.45 and
4.63 hr for Fe,03 aerosols inhaled by male subjects, of
whom some were cigarette smokers.

Conclusions

Theoretical and experimental investigations during
the last few years have contributed greatly to defining
the deposition of inhaled particles in the respiratory
tract, with careful evaluation of the factors of size,
density, shape, hydroscopicity, and charge that influence
deposition in critical regions of the conducting airway
and gas exchange regions of the lung. These studies
have shown reasonable agreement between results of

experimental tests and recent models, allowing predic-
tion of deposition of fractions in order to assess the
inhalation risks for many materials over a wide range of
particle sizes. However, definitive studies are still
needed to describe deposition of very small particles
such as condensation nuclei that are produeed during
combustion (147). Inadequate data exist to evaluate a
wide variety of air pollution hazards and to establish the
risks that are associated with small particles (< 0.01
ium diameter) that serve as carriers for toxic gases or
radioactive atoms such as radon or thoron daughters
that may selectively irradiate sensitive respiratory
epithelial cells, with potential to cause pulmonary
carcinoma (158).

Nasal breathing versus mouth breathing can effec-
tively protect the tracheobronchial region from very
large particles and very small particles that may be
removed in the nasal passages by impaction and
diffusion, but resulting deposits in the pulmonary
region may be significantly higher for mouth breathing
than for nose breathing. This may be a critical change
for persons doing heavy work or having impaired nasal
airflows. Mouth breathing can canse 2- to 4-fold greater
deposition in the region of subsegmental bronchi for
very fine (< 1 mm) dust particles, (90), as well as
inerease trachecbronchial deposition of large particles
(> 10 mm) to 25% or more.

There is a need for much more information on altered
deposition and clearance patterns in persons suffering
acute or chronic pulmonary diseases. In many abnormal
conditions, tracheobronchial deposition may be in-
creased, with a corresponding decrease in pulmonary
deposition. The influences of age and hiologiecal variabil-
ity upon particle deposition and clearance patterns are
only beginning {o be understood; wide differences in
deposition patterns may occur among healthy young
adults.

The available experimental results concerning clear-
ance fractions and kinetics for particles deposited in
different regions of the respiratory tract are continually
expanding, but a great deal of additional data is needed
to define normal clearance pathways, as well as the
early and chronic effects of cigarette smoking. The
extent to which overloading or cytotoxicity of eertain
materials may impair clearance pathways requires fur-
ther study.
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